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ABSTRACT
Heat transfer and flow characteristics of phase change material slurry flow in
microchannels with constant heat flux at the base were investigated. The phase change process
was included in the energy equation using the effective specific heat method. A parametric study
was conducted numerically by varying the base fluid type, particle concentration, particle size,
channel dimensions, inlet temperature, base heat flux and melting range of PCM. The particle
distribution inside the microchannels was simulated using the diffusive flux model and its effect
on the overall thermal performance of microchannels was investigated. Experimental
investigation was conducted in microchannels of 101 µm width and 533 µm height with water as
base fluid and n-Octadecane as PCM to validate the key conclusions of the numerical model.
Since the flow is not fully developed in case of microchannels (specifically manifold
microchannels, which are the key focus of the present study), thermal performance is not as
obtained in conventional channels where the length of the channel is large (compared to length
of microchannels). It was found that the thermal conductivity of the base fluid plays an important
role in determining the thermal performance of slurry. The effect of particle distribution can be
neglected in the numerical model under some cases. The performance of slurry depends on the
heat flux, purity of PCM, inlet temperature of the fluid, and base fluid thermal conductivity.
Hence, there is an application dependent optimum condition of these parameters that is required
to obtain the maximum thermal performance of PCM slurry flows in microchannels.
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CHAPTER 1 : INTRODUCTION
Rapid increase in the power densities of ICs and other devices that produce high heat
fluxes during their operation demand improvement of available cooling techniques. Tuckerman
and Pease in 1981 demonstrated a microchannel heat sink that removes 790W/cm2 with 710C
temperature increase at 600 mL/min flow rate [1]. Figure 1-1 shows the schematic of a
microchannel heat sink. It has numerous small channels and fins arranged in parallel, which are
directly fabricated on a silicon substrate and have direct circulation of water. The heat transfer
fluid passes from the inlet, picks up heat from the walls along its flow path and exits from the
outlet. It is so compact that heat is efficiently carried from the substrate into the coolant because
of its inherently small passageways and a very large surface-to-volume ratio. It has already been
proved that the use of microchannel heat sinks has numerous advantages compared to
macroscale flow channels. Tuckerman and Pease [1] predicted that single-phase forced
convective cooling in microchannels should be feasible for circuit power densities of more than
1000 W/cm2. However, the heat sink had quite large pressure drop of 200kPa with plain
microchannels and 380kPa with pin fin enhanced microchannels. For single phase cooling, the
coolant temperature will increase in the flow direction as it acquires heat, which leads to nonuniform temperature distribution on the chips. In order to keep the temperature of devices such
as semiconductors and lasers to be cooled within a few degrees Celsius, a very large mass flow
rate is needed, resulting in high pressure drop across the microchannels and requires a large
pump.
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Figure 1-1. Traditional microchannel heat sink

One of the factors that influence the temperature variation is the specific heat capacity of
the coolant. For a constant heat input Q, the temperature difference between the inlet and outlet
of each channel can be given as

Tbulk 

Q
m c p

(1.1)

As can be seen from the equation, the temperature difference can be reduced by
increasing the mass flow rate or the specific heat capacity of the coolant. Traditional
microchannels even though showed substantial improvement in the cooling performance, they
have two main disadvantages: the relatively high pressure loss and significant temperature
variation within the heat source.
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1.1

Manifold Microchannel (MMC) Heat Sinks

An MMC heat sink, on the other hand, has the coolant flowing through alternating inlet
and outlet manifolds in the direction normal to the heat sink base. Figure 1-2 shows the geometry
and flow domain inside single microchannel. The flow path is greatly reduced to a small fraction
of the total length of the heat sink thus reducing the resultant pressure drop and restraining the
length of the thermal boundary length along the streamwise direction.

Figure 1-2. MMC heat sink flow path and flow domain

Harpole and Eninger [2] proposed and MMC system having between 10 and 30 manifold
channels and reported that for constant flow rate or pumping power, the maximum temperature
and temperature variation within the heat source were substantially reduced from that of a TMC
heat sink. Copeland et al. [3] tested a variety of MMCs experimentally and reported that the
thermal resistance was inversely proportional to the volume flow rate on a log–log scale.
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Copeland et al. [4] showed that the simple analytical model based on correlations for straight
channels is not satisfactory for predicting the performance.
In order to increase the effective specific heat of the fluid, boiling heat transfer inside
microchannels has been investigated to utilize latent heat of vaporization [5]. However, the
increased pressure drop and associated pressure fluctuation, and wall temperature fluctuation in
minichannels and microchannels hinder the application of convective boiling in microchannels
for electronic cooling. Possible dry-out at relative low heat flux compared with its single flow
counterpart prevents two-phase flow in microchannels to be used in cooling of high heat flux
components/electronics [6]. One other way of increasing the heat capacity of the fluid is to use
phase change materials inside the fluid as described in the next section.

1.2

Encapsulated Phase Change Material (EPCM) Slurry

In the last two decades, the use of phase change material in thermal control systems and
thermal energy storage has been proposed. A solid-liquid phase change material (PCM) is any
material, which absorbs heat when it melts and releases that heat when it solidifies. This phase
change enables the PCM to act as heat storage media. Most of the available researches show that
PCMs have been microencapsulated and suspended in a heat transfer fluid to create a phase
change slurry or MEPCM slurry (Figure 1-3). MEPCM particles consist of PCM encapsulated in
a shell so that they remain separate from carrier fluid. Figure 1-4 shows the SEM image of
MEPCM particles. These particles can be as small as 1 µm to as high as 500 µm. The shell of the
particle is usually thinner compared to particle diameter.
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Figure 1-3. Cross section schematic of a single MEPCM

Figure 1-4. Scanning electron microscope of microencapsulated PCM particles

NEPCM slurry is a two-phase fluid with a base fluid and nanosized particles. A sample of
nanosized PCM particle slurry was made at University of Central Florida with water as base
fluid and Octadecane as PCM. The particle size is around 100nm and the shell thickness is
around 5 nm. It is prepared by emulsification process where a surfactant (shell material) is first
dissolved in the base fluid and is then heated to a temperature greater than the melting point of
PCM while stirring continuously. Later the PCM is added to the mixture to carry out the
emulsification. The formation of the nanoPCM was confirmed using the Tyndall’s effect. This
involves the scattering of a laser beam as it passes through the emulsion due to the presence of
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nano-sized particles. Pure water itself cannot scatter the laser beam. Figure 1-5 shows the
measured size distribution of the sample with a diameter distribution at around 60 nm to 125 nm.

Figure 1-5. Size distribution of NEPCM particles in slurry sample

Figure 1-6 shows the Differential Scanning Calorimetry (DSC) curve of the NEPCM
sample. For the DSC measurement, 5 mg of the sample was heated at a rate of 2 0C/min. A
slightly broader peak at around 20 0C is due to the phase change of PCM. It can be observed that
the phase change peak is around 20 0C and not between 28 0C to 30 0C, typical to Octadecane
which is probably induced by the small size at nanoscale, where the surface effect is much more
significant than that at micro scale. The estimated latent heat of the PCM has a high degree of
uncertainity and was found to be between 100 kJ/kg and 240 kJ/kg.
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Figure 1-6. DSC curve of NEPCM slurry
EPCM particles when mixed in a fluid increase the heat capacity of the fluid during phase
change. The slurry can be considered as two-component Newtonian fluid for concentrations up
to 0.3 [7], with the effective specific heat during phase change given by [8]

c p ,eff  c p 

xc m hsf
Tbulk

(1.2)

where c p is the weighted average specific heat given by c p  (1  c m )c pwf  c m c pcm , x is
the fraction of particles undergoing phase change, cm is the loading fraction, ∆T is the
temperature rise of fluid, hsf is the latent heat of melting of PCM, cpwf is the specific heat of
working fluid and cpcm is the specific heat of solid PCM. As an example, assuming the PCM has
completely change its phase from solid to liquid at the exit of channels (x=1), working fluid as
water, the loading fraction is 0.2, latent heat of PCM as 250kJ/kg, cpcm as 2 kJ/kgK and ∆T as
3oC, the effective specific heat will be 21 kJ/kg.K. This implies that the specific heat is
increased by about 5 times with the presence of MEPCM during melting.
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As a heat transfer working fluid, EPCM slurries lie between sensible fluids and fully
latent fluids. The fluid possess the desired control, flow, and predictability characteristics of
simple liquids, while also having the enhanced thermal capacitance and heat transfer
characteristics of phase-change fluids. EPCM fluids possess many attractive features such as
high-energy storage density, high heat transfer rates between wall and suspension and low
pumping power requirements. Experiments showed that microcapsules with diameter in the
range of 5 µm to 50 µm can be pumped and circulated without any significant damage [9, 10].
There are no experiments with NEPCM slurry as heat transfer fluid. It can be assumed that
nanosized particles also can be pumped without any significant damage, as there will be not be
significant shear on the particles due to the flow as will be explained in Chapter 4.
Compared to single-phase fluids, the advantages of PCM slurry can be summarized as:
 Store higher quantities of heat per mass unit.
 Store heat at temperatures where the heat losses to ambient are low.
 Deliver more heat at same mass flow rate.
 Increase the heat capacity of a water based heating or cooling application by refilling the
system with phase change slurry.
The performance of fluid in microchannels can be different compared to performance in
conventional channels owing to the small size. Numerical simulation of slurry flow in
microchannels helps in understanding and assessing the useful parameters that affect the flow
and thermal performance of EPCM slurry. The present work focuses on understanding the role of
particle diameter, particle concentration, particle distribution and fluid properties in predicting
the thermal performance of slurry in microchannels. It will also provide useful information to
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develop new models for designing future thermal systems that use EPCM slurry flow in
microchannels.
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CHAPTER 2 : LITERATURE REVIEW
The EPCM slurries provide greater heat transfer and possess high specific heats only
during phase change. The heat transfer phenomenon of slurry flows is not fully understood.
Properties like specific heat, conductivity and other thermodynamic properties of the slurry
depend on the phase change of particles and complicate the heat transfer analysis. Because of
this complexity, the theoretical and experimental investigations of a slurry flow with phase
change are very difficult [7-33].
In a prototype solar collector pump system, Hart and Thompson [9] tested a slurry of
30% wax in oil. From the results, they concluded that at a temperature between 311 and 322 K,
the effective specific heat was around two times greater than the pure oil. McMahon et al. [10]
carried out thermal performance tests of slurries (n-heptadecane and n-Octadecane in ethylene
glycol) as cooling fluids for protective garments and reported a specific heat increase of 20
percent. Colvin and Mulligan [12] investigated the application of phase change as a heat transfer
fluid and thermal storage medium in spacecraft, electronic systems, and avionics. They reported
an enhanced specific heat up to 5 times higher than that of pure fluid at temperature difference of
2 0C and a heat transfer coefficient of about 2.8 higher than water. Heat transfer enhancement in
the flow of suspensions has been reported by many investigators [13, 34-35]. Results of
experiments in [34, 35] showed the effective conductivity of about 10 to 80 times higher than
that of the pure fluid, depending on the velocity gradient at the wall and the particle/duct ratio.
The heat transfer enhancement phenomena were analyzed and correlations for effective thermal
conductivity were derived [36-38]. Thus, phase change slurries can also benefit from increased
heat transfer enhancement due to the presence of particles.

10

Chen and Chen [13] investigated the heat transfer augmentation for a steady, laminar
phase change slurry flow above a flat plate with constant wall temperature. They found that the
convective heat transfer rate is proportional to the square root of Reynolds number and the
Prandtl number to the 1/3rd power and inversely proportional to the cube root of the Jacob
number multiplied by the mass fraction of the phase change material. No further details or
comparisons were provided.
Charunyakorn et al. [7] developed a numerical model for encapsulated phase change
suspension flow between parallel plates for different boundary conditions for low temperature
applications. They also obtained numerical solutions for MEPCM suspension flow in circular
tubes with boundary conditions of constant heat flux and constant wall temperature. Their results
showed that the volumetric concentration and the bulk Stefan number are the important
parameters that influence the heat transfer process. Goel et al. [16] conducted an experiment
using n-eicosane microcapsules in water for laminar, hydrodynamically fully-developed flow in
a circular tube with a constant heat flux boundary condition. The wall temperature could be
reduced up to 50% by using a PCM suspension instead of a single phase fluid for the same
dimensionless parameter in their experiments. Though their results agreed qualitatively with that
of predictions by Charunyakorn et al., there was a quantitative difference greater than 45%
between them.
Zhang and Faghri [18] presented a numerical solution of laminar forced convection of a
microencapsulated phase change material suspension in a circular tube with constant heat flux.
Instead of using the quasi-steady model employed by Charunyakorn et al. [7], they used a
temperature transforming model to solve the problem and considered the effects of
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microcapsule’s crust, and the initial subcooling. Their numerical predictions differ from the
experimental results [16] quantitatively by 34%.

Their results showed that the effect of

microencapsulated PCM on the forced convection heat transfer reduces as the melting
temperature range increases. However, they concluded that it is necessary to determine the extent
of the phase change temperature range by further experimental work.
Alisetti and Roy [31] have simulated the steady, laminar MEPCM slurry flow inside a
tube with constant wall temperature boundary condition. They have modeled the slurry flow as a
single phase fluid with varying effective specific heat. Their results showed that the dominant
parameters are the bulk Stefan number, the degree of subcooling, and the dimensionless melting
temperature range and the effect of the specific heat ratio is very small in the range of parameters
considered.
Hao and Tao [23], and Xing et al. [24] have developed a model for simulation of the
laminar hydrodynamic and heat transfer characteristics of suspension flow with micro-nano-size
phase change material particles in a microchannel. Their results demonstrate the sensitivity of the
temperature distribution inside the tube with the initial fluid temperature.
Hu and Zhang [33] used an effective specific heat capacity model to analyze the heat
transfer enhancement mechanism of a functional thermal fluid for sensitivity analyses of some
major factors that influence the heat transfer enhancement in circular tube with constant heat
flux. Zhang et al. [22] used the specific heat capacity model to analyze the effect of the phase
change and the effective thermal conductivity on the heat transfer enhancement of MEPCM
slurries for laminar flow in a circular tube with constant wall temperature.
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Rao et al. [26] conducted heat transfer experiments with MEPCM slurry in mini channels
with water as base fluid and n-Octadecane as PCM. They found that slurry was not always better
compared to the pure fluid. They mentioned that this could be because of decrease in thermal
conductivity of slurry compared to water.
Recently, Sabbah et al. [32] have numerically studied the thermal performance of PCM
slurry in traditional microchannels. They used water as base fluid and Octadecane as PCM. They
mentioned that inclusion of wall in numerical modeling is important.

2.1

Scope of the Work

While all preliminary studies and experiments indicate promising applications of phase
change slurry as a heat transfer fluid, there have been no considerable studies of PCM slurry in
microchannels. Most of the studies were conducted for conventional channels and tubes.
Compared to the flow in macrochannels, the heat transfer enhancement in microchannels is large
due to the presence of walls. Hence, the inclusion of fin or wall effect of microchannels is
important to include while simulating flow inside microchannels.
Models by Charunyakorn et al. [7], Zhang and Faghri [18], use a sink term in their model
to account for the presence of PCM. Charunyakorn’s model neglects the particle wall and uses a
quasi-steady model to calculate the amount of heat absorbed by PCM particle. Moreover, they
assumed that the suspension enters the tube exactly at the melting point and the all the melting
occurs exactly at the melting point of PCM. This is not a realistic assumption, as there is a
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melting range for PCMs in reality due to the supercooling of PCM (for example, salt hydrates),
impurities (paraffins) etc.
Zhang and Faghri’s model includes the melting delay inside the particle, and includes the
particle wall. All three models [7, 18, 31] assume laminar and hydrodynamically fully developed
flow in macrochannels. They have assumed homogeneous distribution of particles, which may
not be true when the duct to particle diameter ratio is smaller as in case of microchannels.
The model followed in [23, 24] does not consider the wall effects. Moreover, the
microchannel was considered as a tube which is not the actual case. The model uses the fluidized
bed correlations to solve the particle distribution and is derived for two-dimensional cylindrical
flows. They mentioned that including the particle distribution in the numerical model predicts the
temperature distribution equally or more accurate than the temperature distribution predicted by
models that assume homogeneous particle distribution. Model used by Sabbah et al. [32]
considered the three dimensional fin effects in microchannels, but the effect of particle
distribution inside the microchannel was not considered. In addition, only a few parameters like
microchannel wall, heat flux and particle concentration were varied in their model.
From the above discussion, it can be concluded that little work was done on investigating
the EPCM slurry characteristics in microchannels. The effect of particle distribution in
micorchannels was not investigated. In addition, when the microchannel lengths are short like in
MMC heat sinks (key focus of the present study), the performance of slurry might be different.
Hence, the current work focuses on the following specific tasks:
i.

To simulate the particle distribution inside the microchannels and study its effect on the
overall performance of microchannel heat sinks compared to single phase fluids.
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ii.

To study the performance of slurry in more detail by varying the slurry and thermal
parameters.

iii.

To compare the numerical model results with experimental work and obtain solutions that
may be used as a basis for preliminary work or a guideline in planning when PCM
slurries are employed.
For investigating the particle migration effect, a macroscopic model based on shear-

induced migration was used for solving the particle migration inside the channel. The calculated
particle concentration profile was then used to analyze the thermal performance. The parametric
study in the current work investigated the importance of PCM melting range, particle mass
concentration, inlet temperature, base heat flux, channel dimensions and base fluid.
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CHAPTER 3 : PARTICLE DISTRIBUTION INSIDE MICROCHANNELS
When slurry or a suspension flows inside a channel, the particles tend to migrate and the
flow becomes nonhomogeneous even though it is homogeneous at the inlet. The mechanisms
suggested for particle migration in concentrated suspensions include hydrodynamic interactions,
electrostatic interaction, and other surface interactions that become important as the particles are
close. The development of particle migration profile depends on several parameters as described
in next section.

3.1

Particle Migration inside a Channel

Migration of particles in a tube has been first observed by Siegre and Silberberg [39] and
noted that a neutrally buoyant particle tends to migrate to an equilibrium position approximately
at 0.6r, at low Re, where r is the pipe radius. This effect is known as Siegre and Silberberg effect
or tubular pinch effect (Figure 3-1).
The migration of a particle inside a channel can be attributed to different forces. In cases
where Brownian motion is negligible, the migration of particles has been attributed to the
presence of inertial forces. However, under vanishingly small particle Reynolds numbers, inertial
forces are not dominant and the migration of particles depends purely on the shear-induced
forces. Most studies on particle migration in semi-concentrated or concentrated suspensions have
been focused on the cases of vanishingly small particle Reynolds number, Rep [40-49]. These
models are based on different simulation techniques such as Stokesian dynamics, Lattice
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Boltzmann methods, dissipative particle dynamics and the Lagrange multiplier fictitious domain
method.

Figure 3-1. Particle distribution over a cross section of tube

At the length scale of the particles, the mechanics of suspension systems are governed by
the Navier-Stokes equations. Microscopic methods and lattice Boltzmann methods can provide
valuable insight to many body interactions. Solutions could theoretically be found for each
particle, but due to the multibody interactions, the mathematics becomes complicated with even
just a few. However, the number of particles explicitly modeled in these simulations is currently
limited to the order of several thousand using high-end computers because of the large CPU and
memory requirements. It is reasonable to consider the suspension as a continuum for most
applications because many suspended particles are less than a few micrometers in diameter.
From a practical point of view, a macroscopic constitutive equation is preferable, as it allows the
modeling of realistic macroscopic problems which contain extremely large number of suspended
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particles. Several constitutive models have been put forth recently which basically fall into two
categories. One category comprises of models based on conservation of mass and momentum for
suspension components [43], the other category comprises models based on shear-induced
particle migration and diffusion [42, 49].
The second category models, collectively referred as diffusive flux model (DFM) are
based on the scaling arguments proposed in [42]. Leighton and Acrivos [42] suggested
phenomenological models for particle migration in nonhomogeneous shear flow typically due to
spatial variation in irreversible interaction frequency and effective viscosity. Phillips et al [49]
adapted the scaling arguments of Leighton and Acrivos, and proposed a diffusive-flux equation
to describe the time evolution of the particle concentration based on the two-body interactions.
For analyzing the particle distribution inside the microchannel for the current work, the DFM
proposed by Philips et al. [49] was used.

3.2

Diffusive Flux Model (DFM)

The method proposed by Philips et al. [49] as applied to a three-dimensional rectangular
duct can be summarized as follows. The shear-induced migration of particles is the result of
shear rate gradients and the concentration gradients. The particle flux based on the
phenomenological model is given by:

J   K c a 2   K  a 2
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2



(3.1)

Kc and Kη are the phenomenological constants that must be determined by fitting the
predictions of the model and the experimental results. These values for both 2-D tube and
channels flows were predicted as 0.62 and 0.41 [49]. The dynamics change of particle
concentration along the flow is governed by the particle balance:

D
 .J
Dt

(3.2)

With the assumptions mentioned above, the mass and momentum equations for the phase
change slurry can be written as:




.u  0

(3.3)



(3.4)



.  (u  u T )  p  0

The effective viscosity of a concentrated suspension can be given by the Krieger’s
formula [50]:



   f 1 
 m





m
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(3.5)

where, the maximum concentration can be 0.6 to 0.68 and the empirical m is equal to
1.82. Diffusive flux model is valid for slow flows and it can be used for particle Reynolds
numbers less than 0.1 [51]. Kc and Kη are the phenomenological constants that must be
determined by fitting the predictions of the model and the experimental results.

3.2.1

Boundary conditions for flow and particle distribution

For particle distribution, the following boundary conditions are used

   0 , at the inlet

[ (u  u T )].n  0

n.[ K c( )  K ( 2 )

p  p0 , particle outlet

(3.6)

(3.7)

1 
 ]  0 , the total flux at the wall and the symmetric
 

boundary is zero.

(3.8)

3.2.1.1 Developing length of particle distribution
Particle distribution can be considered to achieve the equilibrium position if there is no
change in the particle profile. Nott and Brady [43] analyzed the time scale for particles to reach
steady state based on the shear-induced-diffusion hypothesis [42] and is given by:
20

3

a
 2W 
t ss ~ 

 a  12 d ( )  u 

(3.9)

where, W is half of the channel width, a is the particle radius, <u> is the average velocity.
For dense suspensions, (φ>0.3), 12d(φ)~1. Hence, the length along the channel required to
achieve steady state is given by:

Lss
1  2W 
~


2W 12d ( )  a 

2

(3.10)

This length is the characteristic length scale for the process and it requires several
transition lengths before the final equilibrium state is reached. Experiments by Hampton et al.
[52] shows a range of values for the exponent n, increasing linearly from 0.4 for φ = 0.2 to 1.8
for φ = 0.45. Authors in [53] found that the value of n is around 1 for particle concentration of
0.24 and around 2 for particle concentration of 0.35. Assuming H = 100 µm, a = 2.5 µm and
particle concentration is 0.3, which is between 0.24 and 0.35, particle steady state profile can be
achieved between a length of 4 cm and 16 cm. It can be observed the migration development
length is very long compared to the usual length of MMC heat sinks, which is around 1 mm.
Hence, the effect of particle migration on thermal performance was investigated in traditional
microchannel heat sinks.
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For the present study, the particle distribution is modeled in microchannels of large
aspect ratio (>=10), where the flow can be considered to be two-dimensional. This was done in
order to use the readily available 2-D values for Kc and Kη. This is justifiable since the main aim
of this work is to look at the thermal performance of nonhomogeneous slurry in a microchannel.

3.2.2

Assumptions for thermal simulation

For solving the temperature of slurry, the problem was formulated based on the following
assumptions.
i.

The slurry properties are function of particle concentration. Segre and Silberberg [39]
found that the radial migration of the particles is a function of 2.84th power of
particle/duct diameter ratio. When the duct or channel size is very small like in the case
of microchannel, the ratio can be large.

ii.

The specific heat capacity of the fluid is a function of temperature. The slurry thermal
conductivity is a function of the particle Peclet number and varies across the flow field.

iii.

The melting inside EPCM particles takes place over a range of temperatures, between T1
and T2 with the peak melting point at a temperature, Tm.

iv.

There is no temperature gradient inside the particle or the particle melts instantaneously.
This assumption has been discussed in later sections. The particle sizes, where this
assumption is valid will be considered for simulation.

v.

The effect of particle depletion layer is negligible. The particle depletion layer is of the
order of the particle radius if the channel size to particle size is large [54, 55].
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vi.

The shape of the encapsulated particles is spherical. The shell material is very thin and
hence the particles are considered to consist totally of the phase change material.

3.2.2.1 Validation of assumptions for thermal simulation
 Assumption iv: Particle melts instantaneously
Since the length of the channel is short for the MMC channel, it is important that the
PCM particle completely melts within its residence time. Charunyakorn et al. [7] applied the
method proposed by Tao [56] to calculate solid-liquid or melt interface rp (Figure 3-2) in a
sphere for calculating the source term in their model.

Figure 3-2: Particle melting process

Assuming the particle has to melt 99% by the time it exits the channel, the required
temperature difference between the surrounding fluid Tf and the melting temperature Tm, of the
PCM was calculated (Equation 3.11) using the same analogy.
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(3.11)

where, the Biot number of the particle is given by [56]:

Bi p 

k eff
k pcm

.

2(1  c )
1
3

(3.12)

2  3c  c

Figures 3-3 and 3-4 show the required temperature difference between the fluid and the
particle melting temperature with water and PAO as base fluids in a channel of 100 µm width
and 1 cm length for different Re. It can be observed that the required Tfm increases with the
increase in particle radius. It can be observed that the particle may not completely melt if the
channel length is short. For calculations, properties in Table 3-1 were used.
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Figure 3-3. Tf – Tm for different particle diameters (base fluid - water)

Figure 3-4. Tf – Tm for different particle diameters (base fluid - PAO)
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Table 3-1. Thermophysical properties used in Figures 3-3 and 3-4
Density
(kg/m3)

Specific

Thermal

heat

conductivity

(J/kg.K)

(W/m.K)

Latent

Viscosity

heat

(kg/m.s)

(J/kg)

PAO

783

2242

0.143

4.45x10-3

-

n-Octadecane

815

2000

0.18

-

244x103

Water

997

4180

0.604

1x10-3

-

3.2.3

Governing equations for thermal simulations

After the particle distribution is solved using the DFM, the thermal performance of slurry
was modeled assuming slurry as a bulk fluid with varying properties which are a function of
particle concentration. The energy equation for the slurry and the boundary conditions are:

 T
T    T    T 
   k

v
c p  u
   k






y
x
y
y
x
x







T = Tin

at the inlet for fluid

(3.13)

(3.14)

q.n = (ρcpuT).n; which is the convective heat flux boundary condition at the outlet/exit (3.15)

q.n = qw; constant heat flux at the wall

(3.16)

q.n = 0; insulation at the symmetry or channel half-width

(3.17)
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3.2.3.1 Effective thermal conductivity
Slurry thermal conductivity and specific heat is defined follows. For dilute suspensions of
static bulk fluids, thermal conductivity of the suspension can be defined as for conductivity in a
medium with distributed spherical particles [57]:

2
kb  k f .
2

kp
kf
kp
kf

 2c(
 c(

kp

kf
kp

kf

 1)
(3.18)

 1)

Yamada and Takahashi [58] investigated experimentally the thermal conductivity of
suspensions of particles of different shapes. They found an excellent agreement between their
experimental values for suspensions of spherical particles. The results for other shapes compare
less favorably. For flowing slurries, the effective thermal conductivity is higher than that
calculated by Equation 3.18 due to diffusion related enhancements. For dilute suspensions, it can
be evaluated as follows [7]:

k eff  f .k b

f  1  BcPe mp

B  0, m  1.5, Pe p  0.67

 B  1.8 m  0.18 0.67  Pe p  250

 B  3.0, m  1 , Pe p  250

11
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(3.19)

The particle Peclet number is defined as,

Pe p 

ed p

2

(3.20)

f

Since the velocity is not fully developed in the current analysis, the shear rate is a
function of all the spatial coordinates and corresponding velocities. The magnitude of the shear
rate, e can be calculated using the following equation.

1

e     ij  ji 
2 i j


1

2

(3.21)

 is the shear rate.

3.2.3.2 Effective density
For slurries, the density can be calculated by the weighted mean method given in
Equation 3.22 [7]. The mean density  m is the average of the densities of PCM solid and liquid
phases.

 b  c m  (1  c)  f
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(3.22)

3.2.3.3 Effective specific heat
The phase change inside the particles can be modeled using latent heat method or
effective specific heat capacity method. Latent heat method can be used to model pure PCMs
where as the effective specific heat method can model the melting range of PCMs easily. Alisetti
and Roy [31] have used various profiles for the specific heat of PCM for calculating the effective
specific heat and have shown that the difference between the solutions is less than 4%. When
PCMs are encapsulated, due to the nucleation, there usually is a melting range for the PCMs, and
this increases with decrease in particle size. Of all the different profiles, sine profile (Figure 3-5)
has been used to represent EPCM particle specific heat. This was done in order to avoid sudden
variation in the property and thus help in reducing the convergence problems. As there is not
much variation, the specific heat of solid and liquid phases of PCM was assumed to be equal.

  hsf

 T  T1  
c p, p  c p , pcm   .
 c p , pcm .sin  

 2  TMr
 TMr  


(3.23)

The effective specific heat of the slurry can be calculated as:

c p ,b  cm c p , p  (1  cm )c p , f
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(3.24)

The value specific heat of the particle in Equation 3.24 is equal to cp,pcm when the
temperature of the particle is outside the melting range and is given by Equation 3.23, when the
particle temperature is within the melting range.

Figure 3-5. Specific heat of EPCM, function of temperature

3.3

Particle Distribution Results

The microchannel dimensions used for simulation of particle distribution are 100 µm
width, 1mm height and 1 cm length. As mentioned before, the simulation domain can be
considered 2D for such high aspect ratios. Commercial FEM software, COMSOL was used for
all the numerical simulations in the dissertation work [59]. Following parameters were varied.
i.

Base fluid: Two different fluids were used, water and poly-alpha-olefin (PAO). PAO is a
dielectric fluid used for cooling of military avionics applications. It is a stable and
inexpensive fluid.

ii.

Particle diameter: 100nm, 1 µm, 5 µm

iii.

Particle concentration: 0.05, 0.1, 0.3
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iv.

Channel Reynolds number: Since DFM is valid for Rep<=0.1, it was found that the
maximum Reynolds number of the fluid that can be modeled was calculated using the
following calculation:

Rep = Remax(a/H)2

(3.25)

For current simulation, a = 2.5 µm, H = 100 µm. Substituting the value of Rep = 0.1,
Remax. is 160. Thus three different channel average Reynolds numbers were used for simulating
the particle migration. Table 3-2 below shows the inlet velocities when water and PAO were
used.

Table 3-2. Re values used for simulating particle migration
Channel Reavg
80
60
30

Vin, Water
0.357 m/s
0.268 m/s
0.134 m/s

Vin, PAO
2.276 m/s
1.707 m/s
0.850 m/s

For the above calculations, the density and viscosity of pure fluid must be used. The
values are used from Table 3-1.
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3.3.1

Effect particle diameter on particle migration

Figure 3-6 shows the particle distribution at a length of 1 cm for all the three particle
diameters used with PAO as base fluid. The particle mass concentration is 0.3 and Reavg is 80. It
can be observed that the migration is highest for 5 µm diameter particle and there is no migration
for 100 nm particle size.

Figure 3-6. Particle distribution with varying particle diameter (base fluid - PAO)
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3.3.2

Effect of particle volume concentration on particle migration

Figure 3-7 shows the particle migration at a length of 1 cm from the inlet for a particle
diameter of 5 µm and Reavg of 80. It can be observed that the migration is high when the particle
mass concentration is higher.

Figure 3-7. Particle distribution as a function of concentration (base fluid - PAO)

3.3.3

Effect of inlet velocity on particle migration

Simulations with three different Reavg were run and it was found that there was no effect
of inlet velocity on particle migration. Figure 3-8 shows the particle concentration profile
obtained with water based slurry for all three Reavg. This type of result was also obtained in [52].
The reason could be that the diffusive flux model does not include the inertial forces and hence
the variation in velocity does not effect the particle migration. The variation in concentration
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profile was only dependent on the a/H ratio, i.e., the particle radius to the tube radius or channel
width.

Figure 3-8. Particle distribution profile, base fluid-water

3.3.4

Particle migration along the length of the channel

It is interesting to observe the transformation of homogeneous profile into
nonhomogeneous along the length of the channel. Figure 3-9 shows the particle distributions at
different lengths from inlet for PAO. The Reavg used is 80 and particle concentration is 0.3. It can
be observed that the particle migration rate increases with increase in length.
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Figure 3-9. Particle concentration at different locations along length (PAO)

Figure 3-10. Particle concentration profile for developing assumption

3.4

Thermal Performance Results

The effect of particle migration on thermal performance was investigated by comparing
the thermal results obtained assuming the particle profile is developing (uniform profile at inlet

35

and nonuniform profile at the exit as shown in Figure 3-10) and the results obtained assuming the
particle profile is homogenous (uniform at both inlet and exit as shown in Figure 3-11).

Figure 3-11. Particle concentration profile for homogeneous assumption

The particle distribution obtained for a particle diameter of 5 µm and particle
concentration of 0.3 was used for thermal simulations as maximum migration was observed at
these conditions. Figures 3-12 and 3-13 show the difference in maximum wall temperature and
the inlet temperature for both fluids. The average Re used was 80 and a melting range of 6 K was
used. PCM melting peak was assumed to be at 27 0C. The difference in wall temperature for both
assumptions is not more than 1.4 K for water and is 1 K for PAO.
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Figure 3-12. Difference in maximum wall temperature and inlet temperature for both
assumptions (base fluid - water)

Figure 3-13. Difference in maximum wall temperature and inlet temperature for both
assumptions (base fluid - PAO)
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3.4.1

Analysis of the results

From previous results, it can be understood that the maximum wall temperature
difference for both particle distribution assumptions was not more than 1.4 K for all the heat
fluxes considered. The reason can be:
 Simultaneous developing of both concentration and temperature profiles
Since the concentration profile is still developing along the length, the deviation of
concentration from the average value (0.3) is not immediate. Figure 3-14 shows the
concentration profile at a distance of 35 µm from the center (x/W = 0.7) along the length of the
channel from inlet for PAO. It can be observed that the minimum value of particle concentration
at the wall is 0.23, which happens to be at the exit. Figure 3-15 shows the resultant local wall
temperature from inlet to exit, assuming both homogeneous and developing particle
distributions. It can be observed that the local wall temperature for both cases is same up to a
certain length of the channel. The difference in temperature profiles for both cases will be the
combined effect of thermal boundary layer and particle distribution development, which is
negligible for a certain length of the channel. It should also be noted that, once the local
temperature is higher than the melting range, PCM latent heat is already used up and the effect of
migration does not possibly affect the wall temperature. Hence, the difference in particle
distribution for both assumptions might not have affected the thermal performance considerably.
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Figure 3-14. Particle concentration profile development along the channel

Figure 3-15. Local wall temperature for both profile assumptions along the channel

Another observation from the results is that the maximum wall temperature for
developing profile assumption is lower compared to maximum wall temperature with
homogeneous assumption in case of water. For PAO, this behavior was found to be opposite.
The reason for this behavior can be the effective thermal conductivity of the fluid at the wall. In

39

case of water, when homogeneous assumption was used, the thermal conductivity was lower at
the wall resulting in less heat transfer from wall to fluid and hence high wall temperature
compared to developing profile assumption. This behavior is reverse for PAO, i.e., the thermal
conductivity is higher when homogenous assumption was used and hence lower wall temperature
compared to developing profile assumption.
From the above analysis, it can be observed that the maximum error in predicting the wall
temperature is around 1.4 K for the conditions used, if a homogeneous assumption is used
instead of nonhomogeneous assumption. This value was obtained for water at a heat flux of 20
W/cm2, and the value of Twall – Tin is 29.2 K for developing profile and 30.6 K for homogeneous
profile. In practical applications, this small temperature difference can be neglected owing to the
many assumptions used in numerical simulations. Unless very accurate prediction is needed,
including the particle migration effect is not very crucial.

Figure 3-16. Particle concentration profile for fully developed assumption
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Figure 3-17. Particle concentration profiles at various lengths from inlet (base fluid PAO)

3.5

Thermal Performance with Fully Developed Profile Assumption

Since a major difference was not observed in developing and homogeneous profiles,
another set of simulations were run to compare the thermal performance of slurry when the
particle distribution is assumed homogeneous and the particle distribution is fully developed
(Figure 3-16). Particle diameter used is 5 µm, particle concentration is 0.3 and Remax is 160.
Fluid used is PAO. For parametric study the effect of inlet temperature, base heat flux, melting
range were studied. Figure 3-17 shows the concentration profiles at different lengths from inlet.
From the figure, it can be observed that the particle migration rate reduces significantly after
certain length from the inlet. The particle concentration profile varied rapidly from inlet up to 2.5
cm length and the change in concentration profile variation from 2.5 cm to 10 cm is very slow.
The difference between profiles at a length of 7.25 cm from inlet and 10 cm from inlet is
negligible. Hence, it can be assumed that the particle profile is fully developed.
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3.5.1

Effect of fluid inlet temperature

The inlet temperature of the fluid was first varied at a heat flux of 20 W/cm2 and melting
range of 5 K (25.5 0C to 30.5 0C, and peak is 27 0C). Figure 3-18 shows the results. It can be
observed that an inlet temperature of 26 0C (slightly after lower melting point) will be useful in
obtaining the maximum thermal performance at any profile assumption. The wall temperature
difference between homogeneous and fully developed profile assumptions is around 3.6 K,
where as the difference between homogeneous and developing profile assumptions is 1 K.

Figure 3-18. Twall, max – Tin vs. Tin for three assumptions at different inlet temperatures

3.5.2

Effect of wall heat flux

Figure 3-19 shows difference between maximum wall temperature and inlet temperature
for all the three assumptions. It can be observed that the wall temperature difference is maximum
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between fully developed and homogeneous assumptions at a heat flux of 30 W/cm2. When the
heat flux is increased to 40 W/cm2 and 50 W/cm2, the bulk temperature of fluid at the outlet is
near the melting end temperature (making the PCM specific heat compared to PAO) and hence
the effect of migration decreases.

Figure 3-19. Twall – Tin for three profile assumptions at different heat fluxes

3.5.3

Effect of PCM melting range

Five different melting ranges were considered for the study. Figure 3-20 shows the result
of varying melting range. It can be observed that thermal performance variation between
homogeneous and nonhomogeneous assumptions decrease with increase in melting range. This
can be due to lowered specific heat peak (because of averaging over a large melting range) which
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makes the latent heat effect of PCM comparable to specific heat of base fluid. Therefore, the
effect of migration of PCM particles to center diminishes with increase in melting range.

Figure 3-20. Twall, max – Tin for all three profiles at different melting ranges
Since a typical microchannel can also be 2 cm length, few more simulations were run to
compare the thermal performance of slurry with developing profile and homogeneous profile.
Figure 3-21 shows the comparison of wall temperature for both assumptions when the channel
length is 2 cm. The maximum wall temperature difference between both profile assumptions was
1.2 K as compared to 1 K when the channel length was 1 cm.
The thermal performance of slurry was also analyzed in a 3D channel of 100 µm width, 1
mm height and 1 cm length. This was done to compare the maximum wall temperature obtained
in 3D and 2D simulations. A base heat flux of 200 W/cm2 (equal to 20 W/cm2, at the wall for
2D) was used for 3D thermal simulations. Table 3-3 below shows the difference between 2D and
3D results for all the three assumptions. It was found that the maximum temperature of the wall
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(fluid-solid boundary in width direction) is slightly lower than the wall temperature predicted
using 2D. This is because in case of 3D, the increase in wall heat transfer area because of the
addition of the base results in a lower wall temperature.

Figure 3-21. Results at a channel length of 2 cm

Table 3-3. Thermal results obtained in 3D using 2D particle distribution
Analysis
3D
2D

Twall, HNT
322.34
323.41

dT bulk, HNT
300.94
299.94

Twall, NH
324.56
326.19

dTbulk, NH
301.04
300.12

Twall, H
322.03
322.49

dT bulk, H
300.87
299.95

It should be noted that though in case of fully developed profile, the error in wall
temperature prediction can be as high as 5 K for current simulations, in order to achieve the
profile the length of the microchannel must be much larger compared to the typical 1 cm to 2 cm
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length. Hence, it can be concluded that it is not important to include the particle migration in the
numerical model.
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CHAPTER 4 : PARAMETRIC STUDY – I
The parametric study is presented in two parts. First part includes the formulation of
numerical model and some results that were obtained in microchannels assuming water and PAO
as base fluids. This was done before the experiments were performed and hence the model was
validated with experiments in prior literature. Second part includes the experimental study and
parametric study done based on the experimental results.

4.1

Simulation Domain

Figure 4-1. Schematic of flow domain
Figure 4-1 shows the schematic of the heat sink domain that was considered for
parametric study. The flow rate at the entrance/inlet of the channel will be the total flow rate at
the heat sink inlet divided by the total number of channels, assuming the same amount of flow
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rate enters each channel. Only half of the channel was considered for simulation due to
symmetry. The dimensions of the inlet and outlet manifolds are 200 µms in width (y-direction),
50 µm in height (z-direction) and 250 µm in length (x-direction). The microchannel dimensions
are 100 µm in width (y-direction), 500 µm in height (z-direction) and 1000 µm in length (xdirection). The wall thickness was assumed to be equal to the microchannel width and the
thickness of the base is chosen as 100 µm. It was assumed that there are 800 microchannels in
each heat sink and the flow rate is assumed to be same at the inlet of each channel.

4.2

Assumptions

All the assumptions mentioned in Chapter 3 along with the following are used for formulating
the problem.
i.

The particle distribution is homogeneous. This is valid as explained in Chapter 3.

ii.

Particle always follow the fluid

iii.

The total volumetric flow at the inlet of heat sink is equally divided and is same in each
channel.

4.2.1.1 Validation of assumptions major assumptions
 Assumption ii: Particles always follow the fluid
The amount of time taken by any particle to reach the fluid velocity can be calculated
using Equation 4.1.
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Figure 4-2: Drag on a spherical particle in a fluid field

Using the drag force on the particle (Figure 4-2) [60]:

FD  m

dv
 6 f R p (u   v)
dt

(4.1)

Integrating the equation and using v = 0 at t = 0, to find the integration constant, Equation 4.1
becomes:

 u 
2  p Rp

t
ln
9 f
 (u   v) 
2

(4.2)

Defining the time constant as in Equation 4.3, the above equation becomes Equation 4.4:

2  p Rp

9 f

2
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(4.3)

u  v
 e t / 
u

(4.4)

At t = τ, v = 0.63 u∞. This implies that the particle reaches 63 percent of fluid velocity in τ
seconds. The time constant values for different particle diameters with water and PAO as base
fluids is shown in Table 4-1. For the values below, the density of particle used is 774 kg/m3, and
dynamic viscosity of PAO and water used are 4.45x10-3 Pa.s and 7.39x10-4 Pa.s respectively.

Table 4-1. Time constant for different particle sizes
Particle diameter (µm)

τ water (ns)

τ PAO (ns)

0.1

0.57

0.09

1

57.50

9.64

5

1437.00

241.00

4.3

Governing Equations

With the assumptions mentioned above, the mass and momentum equations for slurry can
be written as:

u v w


0
x y z
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(4.5)

 u
u 
p   u    u    u 
u
  u  v  w               
z 
y
x x  x  y  y  z  z 
 x

(4.6)

 v
v 
p   v    v    v 
v
  u  v  w               
z 
y
y x  x  y  y  z  z 
 x

(4.7)

 w
w 
w
p   w    w    w 
  
 w      
  u
v
  

z 
y
z x  x  y  y  z  z 
 x

(4.8)

The energy equation for the slurry is:

 T
T
T    T    T    T 
  k
  k
v
w
c p  u
  k

y
z  x  x  y  y  z  z 
 x

(4.9)

Energy equation for the microchannel wall/fin is:

 2Tw  2Tw  2Tw


0
x 2
y 2
z 2
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(4.10)

4.3.1 Boundary conditions
For flow inside the channels:

u = 0 at the microchannel and manifold walls

(4.11)

p = p0, atmospheric pressure at the outlet

(4.12)

u = (0, 0, w ) at the inlet

(4.13)

For wall:

q.n = qw; constant heat flux at the base of the fin

(4.14)

q.n = 0; adiabatic on all other outer walls

(4.15)

For fluid:

T = Tin
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at the inlet

(4.16)

q.n = (ρcpuT).n; convective heat flux boundary condition at the outlet/exit

(4.17)

For wall and liquid interface:

Tw = T; continuity of temperature

 kw

T f
Tw
 kf
; continuity of heat flux
n
n

(4.18)

(4.19)

4.3.1.1 Dynamic viscosity
For suspensions that exhibit Newtonian characteristics, the bulk viscosity can be
calculated from an empirical formula in terms of the particle concentration. Rutgers [61] has
made an extensive survey and has suggested the following correlation by Vand [62, 63].

b
 (1  c  1.16c 2 )  2.5
f

(4.20)

This correlation is derived for spherical particles and is valid for both small and large
particle concentrations. In reality, the shape of the encapsulated particles might not be perfectly
spherical and hence the viscosity can be different. It can be observed that from Table-1 of [26],
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the measured experimental viscosity values deviate from the values obtained using Vand’s
correlation. This difference increases with increase in particle concentration.

4.3.2

Validation of numerical model

The current numerical analysis mainly models the slurry with bulk properties using the
effective specific heat method mentioned in [31]. Since there are no experiments performed
inside the MMC channels using PCM slurries, the results could not be validated directly.
However the effective specific heat method was first used to simulate the experiments performed
in [16] where the slurry is passed through a tube with inner diameter of 3.14 mm and the length
of the tube is 0.3 m. The flow is heated with a constant heat flux source. Figure 4-3 shows the
comparison of the current model (effective specific heat method) with that of the experimental
results of [16].

Figure 4-3. Comparison of results using current model with experiments in [13];
c = 0.1, Ste = 3.0, Re = 200, dp = 100 µm
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A two dimensional axisymmetric computational domain was used for solving the
temperature along the tube. A constant inlet temperature boundary condition was used. The
other boundary conditions that were used are axial symmetry along the axis, constant heat flux
along the tube radius or wall and a convective heat flux boundary condition at the outlet. A fully
developed parabolic profile was assumed at the inlet. Parameters used for the simulation are 100
µm particle diameter, 0.1 particle concentration, a Reynolds number of 200 and a Stefan number
of 3.0. The thermophysical properties used are shown in Table 4-2.

Table 4-2. Thermophysical properties used for simulation of experiments in [16]
Property

Water

Density (kg/m3)

997.07

Viscosity (Pa.s)

8.904x10-4

Specific heat (J/kg.K)

4179.6

Thermal conductivity
(W/m.K)
Latent Heat (J/kg)

0.606
-

Eicosane
778 (liquid)
856 (solid)
–
2250 (liquid)
1773 (solid)
0.15 (liquid)
0.2583 (solid)
247 x103

Different melting ranges of 1.8 K, 2 K, 2.4 K and 3 K were used for the simulation. There
was a slight difference in the results for all the melting ranges used. The figure shows the plot of
temperature when the melting range was 1.8 K, with inlet temperature equal to 308.95 K. In [16],
the melting range and the inlet temperature of the slurry were not specified. The inlet
temperature for all these simulations was taken at the start of melting (equal to T1). This was
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done to ensure that all the latent heat of the phase change material was used. It can be observed
that the current numerical model predicts the behavior well.

4.4

Results: Parametric Study – I

For all the simulations, in the dissertation work, the grid independency check was
performed. The tolerance values used were 1e-5 for both velocity and temperature. Two different
slurries with base fluids, water and PAO and n-Octadecane as the phase change material (melting
point 27 0C) were used for simulation. The properties of PAO used for simulation are shown in
Table 4-3 and are evaluated based on the equations in [64]. The wall material used for simulation
is copper. The properties of Octadecane used are that of solid PCM.

Table 4-3. Thermophysical properties of suspension components used for parametric
study – I
Property

Copper

Water

PAO

Octadecane

Density (kg/m3)

8700

994

784

774

Viscosity (Pa.s)

-

7.39x10-4

4.45x10-3

–

Specific heat (J/kg.K)

385

4180

2242

2180

Thermal conductivity (W/m.K)

400

0.62

143 x10-3

0.15

Latent Heat (J/kg)

-

-

-

244 x103

The pressure drop values obtained were found to match with theoretical predictions
presented in [65]. The bulk mean temperature rise values were checked with heat balance
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between the source and fluid sensible heat for all the cases with pure PAO. The difference
between the calculated bulk temperature rise and the obtained temperature rise using numerical
simulation is less than 0.1 K. Two different bulk temperature rise values were calculated in case
of slurry as the exact amount of latent heat utilized and hence the specific heat is unknown for
doing the energy balance between the source and the sink. One value of specific heat was
calculated assuming the latent heat is being used (particle temperature is equal to Tm) and the
other using pure solid/liquid specific heat. It was found that the temperature rise obtained using
the numerical simulation lies between the two bulk temperature rise values calculated using
energy balance. Thus, it was assumed that the global energy balance is satisfied. The bulk mean
temperature of the fluid at the exit is calculated (density is a constant) as:

Texit

T * c

c


* (n.u )ds

* (n.u )ds

p , eff

p ,eff

(4.21)

where, ds is the surface area at the outlet.
Unstructured grid generated using the free mesh option in COMSOL was used for
solving the velocity and temperature fields. Mesh consisted of tetrahedral elements and the
number of elements was 17270. The results were checked for grid independency with a refined
mesh consisting of 61641 elements. The maximum temperature difference in the results with
refined mesh was around 0.15 K and there was no difference in velocity gradients. The mesh was
further refined (with 203954 elements) and the temperature difference was found to be negligible
compared to the results obtained with mesh consisting of 61641 elements.
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For all the cases with mass concentration greater than zero, the enhancement in thermal
conductivity due to the presence of NEPCM particles was calculated. The flow field was first
solved and the velocity gradients were exported to Matlab® [66] to calculate the effective
thermal conductivity. This data was then used to solve the temperature field. The enhancement
in the thermal conductivity was found to be negligible for the current simulation cases since the
particle diameter is small. However, for large particle diameters, this enhancement in thermal
conductivity is large and it is important to consider while solving the problem [31]. Figures 4-4
and 4-5 show the plots of velocity and temperature profiles inside MMC channel. It can be
observed that the flow inside the channel is not hydrodynamically and thermally developed.

Figure 4-4. Velocity profile inside the flow domain
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Figure 4-5. Temperature profile inside the flow domain

4.4.1

Results with water as base fluid

For simulations with water as base fluid in parametric study – I, the mass flow rate at the
inlet of heat sink was assumed to be 0.017 kg/s. Particle mass concentration was varied from 0 to
0.3 and a heat flux of 500 W/cm2 was used at the base of the channel. A melting range of 10 K
and inlet temperature of 22.2 0C was used for simulation. Figure 4-6 shows the resultant pressure
drop with increase in particle mass concentration. The pressure drop increases with particle
concentration due to increase in viscosity.
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Figure 4-6. Pressure drop inside the channel as function of particle concentration

Bulk temperature rise of slurry decreases with increase in particle mass concentration (as
shown in Figure 4-7) due to the increase in effective specific heat capacity of the fluid during
melting. Figure 4-8 shows the heat transfer coefficient ratio defined as in Equation 4.22 with
increase in concentration.

hr = hslurry/h base fluid
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(4.22)

Figure 4-7. Bulk temperature rise as function of particle concentration

From the figure, it can be observed that the heat transfer coefficient of slurry decreases
with increase in particle concentration. The poor performance of slurry compared to water at all
the flow rates can be due to:
 Low thermal conductivity of slurry compared to water
Presence of PCM particles increase the heat capacity of the fluid (during melting), but
also decrease the effective thermal conductivity and sensible heat capacity. In case of fully
developed flows, high specific heat fluid always performed better as shown by many researchers.
This is because, the heat has already reached the center of the channel and the effect of high
specific capacity of the fluid dominates the effect of lowering of thermal conductivity due to
presence of PCM. When the flow is not thermally fully developed, the heat transfer performance
of slurry depends how effectively the heat is transferred to the fluid. Low thermal conductivity
results in less heat transfer to the fluid.
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Since water based slurry did not perform better compared to pure water, next set of
simulations were done with PAO as base fluid. Further parametric study was done by varying the
inlet temperature, PCM concentration, heat flux and melting range of PCM.

Figure 4-8. Heat transfer coefficient ratio

4.4.2

Results with PAO as base fluid

Since the properties of PAO are function of temperature, the pure case of PAO was first
run using varying properties and then with average properties for a mass flow rate of 20.8x10-6
kg/s and a heat flux of 100 W/cm2. Table 4-4 shows the results with varying properties and
constant average properties. As can be seen from the table, the difference between the heat
transfer results for both cases is about 1%. The difference in the pressure drop results is less than
5%. Hence average properties of PAO were used for the simulation. The mass flow rate of the
fluid used at the inlet is 10.4x10-6 kg/s, for all the parametric study cases with PAO as base fluid.
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Table 4-4. Comparison of results for pure PAO with varying properties and average
properties
PAO properties

∆Tbulk (K)

Num

∆P (Pa)

Varying Properties

4.10

51.0

5585

Constant Properties
(evaluated at 28.8 0C)

4.14

50.5

5861

4.4.2.1 Effect of particle mass concentration
For investigating the effect of particle mass concentration, the melting range of PCM
used is 10 K. The heat flux used is 100 W/cm2. The pressure drop from the inlet to the outlet
with change in PCM concentration is shown in Figure 4-9. The pressure drop from the inlet to
outlet increases with increase in concentration.

The simulations show that the bulk mean

temperature rise of slurry is always lower than the pure fluid. The higher the concentration of
PCM in slurry, the lower is the temperature rise. Figure 4-6 shows the bulk mean temperature
rise from inlet to the exit as a function of PCM concentration considered when the inlet
temperature of the fluid is equal to Tm. The summary of results for cases considered is shown in
Table 4-5. From the table it can be observed that if the bulk mean temperature rise for pure PAO
is desired to be 0.65 K (which is the rise for slurry with cm = 0.3), the mass flow rate must be
increased around 12.7 times and the resulting pressure drop increases by 28.5 times. The heat
transfer coefficient is found to increase with increase in concentration.
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Figure 4-9. Pressure drop inside the channel as a function of particle mass
concentration

Table 4-5. Effect of mass concentration
Fluid (cm)
PAO (0)
Slurry(0.1)
Slurry (0.2)
Slurry(0.3)
PAO (0)

m (x106)(kg/s)
∆P (Pa)
10.4
2517
10.4
3310
10.4
4964
10.4
8894
132.0
71706
(q = 100W/cm2, Tin = Tm , TMr = 10 K)
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∆Tbulk (K)
8.28
2.64
1.13
0.63
0.63

Figure 4-10. Bulk mean temperature rise as a function of particle mass concentration

Figure 4-11. Heat transfer coefficient ratio as a function of particle mass concentration
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4.4.2.2 Effect of inlet temperature and melting range
Since the PCM is assumed to have a melting range, it is interesting to observe the best
case where the heat transfer enhancement is maximum and bulk mean temperature rise is
minimum. Thus for a concentration of 0.3, at a heat flux of 100 W/cm2, the inlet temperature was
varied in order to find the best case. Figure 4-12 shows the bulk mean temperature rise of the
fluid and Figure 4-13 shows the heat transfer coefficient ratio as a function of nondimensional
inlet temperature for different melting ranges.

Figure 4-12. Bulk temperature rise with varying inlet temperature and melting range of
PCM
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Figure 4-13. Heat transfer coefficient ratio with varying inlet temperature and melting
range of PCM

The results presented were run for varying melting ranges. As can be seen from the
figures, if the nondimensional inlet temperature of the fluid is 0.5 (Tin = Tm), the bulk mean
temperature rise of slurry is better for both cases of melting range considered. But if the heat
transfer coefficient ratio is considered, it depends on the melting range. In addition, if the melting
ranges are observed, the narrower is the melting range, the better is the heat transfer
enhancement. As the melting range depends on the purity of PCM, it can be concluded that the
purity of PCM helps in increasing the heat absorbing capacity of the bulk fluid and the heat
transfer.
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4.4.2.3 Effect of base heat flux
The simulations were run for pure PAO and 0.3 concentration slurry for different heat
fluxes at a nondimensional inlet temperature of 0.5. It can be observed that for high heat fluxes,
the performance of slurry improves compared with pure PAO. The difference in the bulk
temperature rise (Figure 4-14) between pure PAO and slurry increases with increase in heat flux
whereas the heat transfer coefficient ratio (Figure 4-15) is always high for slurry for any case. It
should also be noted that the hear transfer coefficient ratio depends on the heat flux. At a heat
flux of 100 W/cm2, the ratio is high compared to the other heat fluxes considered. The reason is
the amount of PCM that is used for heat absorption dictates the heat transfer coefficient ratio.

Figure 4-14. Bulk temperature rise for pure PAO and slurry at varying heat fluxes
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Figure 4-15. Heat transfer coefficient ratio for slurry at varying heat fluxes

Further numerical study will be presented in next Chapter after presenting the
experimental results. The fabricated parts in case of experiments did not exactly have a channel
width of 101 µm and height of 533 µm and hence the simulation domain is slightly different.
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CHAPTER 5 : PARAMETRIC STUDY – II
From Chapter 3, it is evident that the particle migration effect is negligible and using
NEPCM would help in instantaneous melting of the particle. Such small particles are not yet
commercially available, and hence experiments were performed with slurry with an average
particle diameter around 5 µm.

5.1

Experimental Study

Experiments were performed in custom fabricated microchannel heat sinks. These heat
sinks were fabricated at Microcooling Concepts Inc. with an average foot print of 1 cm x 2 cm
and are similar to the conventional manifold microchannel heat sinks. For illustration purposes,
Figure 5-1 shows the possible fluid path and Figure 5-2 shows the photograph of the fabricated
part. There are approximately 441 microchannels inside the heat sink and each channel is
approximately is 101 µm wide, 533 µm high and 1 mm long.
MEPCM slurry made at BASF® was used and consisted of particles of size ranging from
1 to 5 µm with an average diameter of 4.97 µm mixed in water. The core material is nOctadecane and the shell material is polymethylmetacrylate (PMMA). In [23], similar particles
were used and it was mentioned that the measured viscosity values deviates from Vand’s
correlation [58, 59] that is usually used for calculating bulk viscosity. This equation is derived
for spherical particles. In reality, as the particles are not spherical in nature, viscosity value
predicted by this correlation may not be accurate. Hence the measured value provided in [23]
was used (Table 5-1) for theoretical calculations and numerical simulation when simulating
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experiment results. The latent melting enthalpy of PCM was measured using differential
scanning calorimetry (DSC) and was found to be 120 kJ/kg between 23 0C and 29 0C. Figure 5-3
shows the DSC curve of the dried MEPCM particles. A heating rate of 50C /min was applied
during the test.

The sample size was 7 mg. The onset temperature is 23 0C and endset

temperature is around 29 0C during the melting of the MEPCM. The peak melting temperature is
around 27 0C. The latent melting enthalpy of the particles is 120 kJ/kg between 24 0C and 29 0C.
It can be observed that the latent heat of these MEPCM capsules is considerably smaller than the
core material. The reason might be the presence of capsules’ shell material.

Figure 5-1. Possible fluid path in the fabricated microchannels

Figure 5-2. Cross-section of the fabricated heat sink
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Table 5-1. Properties of the suspension components used for experiments
Component
Water
MEPCM
Particle
Slurry (10%)

997

Specific
heat,
J/kg.K
4180

Thermal
conductivity,
W/m.K
0.604

867.2

1899

982.3

3951

Density,
kg/m3

Viscosity,
kg/m.s

Latent heat
kJ/kg

1x10-3

-

0.164

-

120

0.541

2.3x10-3

-

Figure 5-3. DSC of dried MEPCM particles used for thermal experiments

5.1.1

Test setup

Figure 5-4 illustrates the schematic of the flow loop for the experiments. It consists of
microchannel heat exchanger, a pump, a valve, a flowmeter and two mixing sections at both inlet
and outlet of the heat exchanger, a plate heat exchanger. Working fluid was pumped from the
fluid reservoir using a diaphragm pump. The valve was used for flow rate adjustment in the loop.
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The flow rate was measured using two Coriolis flow meters with scale of 20 GPH and 40 GPH
(one is for small flow rate and one for large flow rate). The two mixing sections were used to
mix fluid thoroughly so that the thermocouples measure the bulk temperature at the inlet and
outlet of the heat exchanger.

Figure 5-4. Schematic of the experimental setup

The plate heat exchanger was used to cool down working fluid after it leaves the test
section. The temperature was set to below re-solidifying temperature of the PCM material. The
heater in the reservoir was used to adjust the fluid temperature at the inlet of the microchannel
heat exchanger. Two thin film resistors soldered at the bottom of the microchannel heat
exchanger were used as heating source in the experiments. Power to the resistors was supplied by
an adjustable DC power supply to vary the amount of heat generated by the heater. Two
thermocouples were attached to the back of the thin-film resistors to measure the heater
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temperature. Power to the heater was calculated by measuring the voltage across the heater and
the current that passes through the heater. The resistors were thermally insulated in the
experiments. Since most of the heat that is generated by the heater will be absorbed by the
microchannel heat exchanger, it was assumed that the measured temperature at the heater is
equal to the wall temperature of the heat exchanger. The temperature at the outlet of the plate
exchanger was monitored so that working fluid is cooled below the re-solidifying temperature
during the tests on slurry.

5.2.1 Experiment Results
Experiments were performed with pure water and slurry with particle concentration 0.1
(to avoid clogging). Figure 5-5 shows the pressure drop obtained across the heat sink at different
inlet flow rates. Pressure drop of slurry is higher compared to water for all the flow rates due to
the increase in viscosity of the fluid. Tables 5-2 and 5-3 show the experiment conditions and heat
transfer results obtained with water and slurry.

Table 5-2. Heat transfer results (with water)
VHS (GPH)
10
12
15
17
20
24
27
30

Q (W)
360.1
360.4
360.5
360.1
360.6
360.3
360.3
360.7

Tin (0C)
33.8
35.2
34.2
34.4
33.1
37.0
35.6
33.2
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Tout (0C)
42.0
42.3
40.0
39.4
37.1
40.2
38.5
35.9

Tw (0C)
70.3
70.3
67.2
66.3
63.3
65.7
63.8
60.6

Table 5-3. Heat transfer results (with slurry)
VHS (GPH)
5
8
10
12.5
15
17.5
20

Q (W)
183.6
183.6
360.1
360.4
360.5
360.1
360.6

Tin (0C)
22.1
24.6
23.6
24.9
25.2
24.9
24.8

Tout (0C)
32.8
31.5
32.6
32.0
30.7
29.4
28.6

Tw (0C)
53.9
51.4
67.5
64.7
61.6
59.5
58.2

Figure 5-6 shows the heat transfer coefficient of water and slurry at different flow rates.
The heat transfer performance was evaluated by comparing the heat transfer coefficient defined
as

h

Q
Ab (Tw  Tin )

(5.1)

Tw is the wall temperature at the heater. It can be seen that heat transfer coefficient of
slurry is lower than heat transfer coefficient of water (base fluid). The error in power calculation
from the voltage and current measurement can be ignored in the experiments. The error in flow
rate measurements was estimated to be less than 5%. The error in temperature measurement is
within 0.2 0C. Thermal balance between supplied power to the heater and amount absorbed by
working fluid in the water experiments was less than 6.3%. The error in heat transfer coefficient
calculated based on the measurement was estimated to be less than 8%.
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Figure 5-5. Experiment results – pressure drop

Figure 5-6. Heat transfer coefficient of water and slurry
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5.2.2 Analysis of experiment results
The performance of slurry is poorer compared to pure water at all the flow rates. The
possible reasons for this behavior of slurry could be due to:
 Low thermal conductivity of slurry compared to water
As discussed in Chapter 4, the resultant thermal conductivity of slurry is lower compared
to pure water and hence the heat transfer from wall to the fluid in case of slurry is lower.

 Little or no melting of PCM particles inside the channel
Since the length of the channel is short for the MMC channel, it is important that the
PCM particle completely melts within its residence time. Figure 5-7 shows the required
temperature difference between the fluid and the particle melting temperature for a 5 µm
diameter particle at different velocities. A velocity of 0.25 m/s corresponds to VHS = 5 GPH,
lowest flow rate used in the experiments. Since the flow is not fully developed thermally, it is
highly possible that a large portion of the fluid remained at the inlet temperature and this
required temperature difference could not be achieved for all the particles inside the channel.
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Figure 5-7. Required temperature difference between particle surface and PCM
melting temperature

5.2

Numerical Results

Configuration I of Table 5-4 is used for numerical simulation while comparing with
experiment results. Since the average particle diameter is 4.97 µm, the same value was used.
Copper is used as the wall material.

Table 5-4. Geometric configurations used for numerical simulation (units in µm)
Configuration
I
II

Base fluid
Water, PAO
Water, PAO

H
533
375

2*tch
101
25

L
1000
1000

Hm
50
100

2*tm
201
100

Lm
250
250

2*tw
352.52
75

tbase
250
250

The flow rate at the microchannel inlet was calculated based on the number of channels
and total flow rate at the inlet of the heat sink. The wall thickness of the microchannel was used
such that the base heat flux and the total heat supplied is the same as in experiments. In other
words, twice the base area in the simulation domain multiplied by number of channels is equal to
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the base are of the heat sink, which is 2 cm2. Pressure drop and bulk temperature rise obtained in
both cases are presented in Table 5-5. Pressure drop predicted numerically ranges from 8.3 to
13.0% of total pressure drop obtained in experiments. This suggests that the pressure drop inside
manifolds is higher compared to that of pressure drop inside the microchannels, which could be
due to poor manifold design. Proper design of the heat sink can result in more than 90% of
pressure drop inside microchannels and less than 10% in manifolds.

Table 5-5. Numerical results obtained
Fluid
Water
Water
Water
Slurry
Slurry
Slurry

VHS (GPH)
5
10
15
5
10
15

Q (W)
183.6
360.1
360.5
183.6
360.1
360.5

Tin(°C)
22.1
33.8
34.2
22.1
23.6
25.2

∆Tbulk(°C)
8.5
8.3
5.8
8.9
8.7
6.1

∆P (psi)
0.10
0.29
0.62
0.18
0.45
0.81

Figure 5-8 shows the heat transfer coefficient obtained with numerical simulation and
comparison with experiment results. The predicted maximum wall temperature using the
numerical model does not account for the thermal resistance between the heater surface and the
channel wall. Hence, the heat transfer coefficient obtained numerically is higher compared to
experiment results. The results were found to satisfy the global energy balance at the inlet and
outlet of the channel within 4% balance.

79

Figure 5-8. Comparison of numerical and experiment results

5.3

Results: Parametric Study – II

Based on the above results and parametric study presented in Chapter 4, it is obvious that
the performance of slurry depends on the thermal conductivity of base fluid. Also, the particle
size should be smaller so that the particle melts by the time it exits the channel. Since most of the
fluid away from the walls did not absorb heat from the walls in case of 101 µm wide channels,
simulations were also done in channels of 25 µm width. Parametric study was continued by
varying the base fluid, particle concentration and channel dimensions. Table 5-6 shows the
properties of suspension components used.
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Table 5-6. Thermophysical properties used for parametric study – II
Density
(kg/m3)
PAO
n-Octadecane
Water
Copper

5.3.1

783
815
997
8700

Specific
heat
(J/kg.K)
2242
2000
4180
385

Thermal
conductivity
(W/m.K)
0.143
0.18
0.604
400

Viscosity
(kg/m.s)
4.45x10-3
1x10-3
-

Latent
heat
(J/kg)
244x103
-

Performance of water and PAO in 101 µm wide channels

PAO based slurry was used for simulations in channels used for experiment, assuming a
particle diameter of 100 nm. The viscosity of the fluid was calculated using Equation 4.26, since
there are no reported values of dynamic viscosity for nanoPCM based fluids. For comparison, a
heat sink inlet flow rate of 10 GPH and a heat flux of 180 W/cm2 were used for both water and
PAO based fluids. The inlet temperature used is 25 0C, which is within the melting range. Figure
5-9 shows the bulk temperature rise predicted for both water and PAO. It can be observed that
the bulk temperature rise decreases with increase in the particle mass concentration. Figure 5-10
shows the heat transfer coefficient ratio (hr) of both water and PAO as base fluid.
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Figure 5-9. Bulk temperature rise for water and PAO

Figure 5-10. Heat transfer coefficient ratio for water and PAO

In Figure 5-10, hwater = 61832 W/m2.K and hPAO = 18286 W/m2.K. The heat transfer
coefficient decreases with increase in particle mass concentrations when water is used as the base
fluid except with mass concentration equal to 0.05. Slight increase in heat transfer coefficient at
mass concentration of 0.05 indicates that the degradation in thermal conductivity is not
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significant and hence the increase in the specific heat compared to base fluid helps the slurry
performance. When PAO is used as base fluid, the heat transfer coefficient increased with
increase in concentration. This shows that for developing PCM slurry flows, thermal
conductivity plays a very important role in determining the slurry performance.

5.3.2

Performance in 25 µm wide channels

Since most of the fluid did not absorb heat in case of 101 µm wide channels as the
thermal boundary layer was not developed, smaller hydraulic diameter was used in order to aid
the thermal boundary to develop faster. Hence numerical investigation was continued by using
the simulation domain as configuration II (channel width 25 µm). The total number of channels
inside the heat sink is 2000. An inlet flow rate of 10 GPH and heat flux of 180 W/cm2 was used.
Figures 5-11 and 5-12 show the temperature profile of water based slurry in both the
channels considered. It can be observed that in case of 101 µm wide channels, large portion of
fluid did not absorb heat and in case of 25 µm wide channels, the temperature profile is more
developed.
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Figure 5-11. Temperature profile of water based slurry in 101 µm wide channels

Figure 5-12. Temperature profile of water based slurry in 25 µm wide channels

Figures 5-13 and 5-14 show the bulk temperature rise and heat transfer coefficient ratio
predicted with water as base fluid at different fluid inlet temperatures. The heat transfer
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coefficient of slurry is 1.5 times of water at high mass concentration enabling a maximum wall
temperature decrease of 4 K.

Figure 5-13. Bulk temperature rise in case of 25 µm wide channels (base fluid – water)

Figure 5-14. Heat transfer coefficient ratio for water (hwater = 150695 W/m2.K)

85

Figures 5-15 and 5-16 show the bulk temperature rise obtained with PAO as base fluid
and the heat transfer coefficient of PAO slurry is twice of pure PAO at high concentration. The
maximum wall temperature for 30% PAO slurry is 15 K lower than the maximum wall
temperature of pure PAO.

Figure 5-15. Bulk temperature rise (base fluid - PAO)

Decreasing the channel width to 25 µm allow more number of fins within the heat sink.
Compared to wider channels, more amount of fluid absorbs heat within each channel and the
flow is closer to thermally fully developed as the thermal entrance length is short in case of
narrow channels. Hence, using smaller width channels enabling more heat transfer to the fluid
helps to obtain better heat transfer coefficient for slurries compared to pure base fluid. Amount
of PCM that participates in heat absorption by the time the fluid exits the channel depends on the
inlet temperature. For water, if the inlet temperature is around 25.5 0C, the heat transfer
coefficient is the highest, where as for PAO, it is 23 0C.
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Figure 5-16. Heat transfer coefficient ratio (Base Fluid PAO, hPAO = 61930 W/m2.K)

5.3.2.1 Effect of mass concentration on pressure drop
In order to investigate the effect of high concentration on pressure drop, simulations were
run using pure water and pure PAO to calculate Performance Factor (PF) defined as in Equation
5.2, when the heat transfer coefficient of slurry and pure base fluid is same.

PF = ∆Pbase fluid /∆Pslurry

(5.2)

This parameter signifies increase or decrease in the pressure drop when a pure fluid is
used in order to achieve the heat transfer coefficient as slurry. For example, the heat transfer
coefficient of water based slurry at 5% concentration is 171672 W/m2.K when the heat sink inlet
flow rate is 10 GPH and heat flux is 180 W/cm2. In order to achieve the same heat transfer
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coefficient with water, a higher heat sink inlet flow rate was used and the resultant pressure drop
inside the channel was 1.14 times of the pressure drop when 5% slurry was used. Figure 5-16
shows the PF with both water and PAO, when the channel width is 25 µm and heat flux is 180
W/cm2. The heat sink inlet flow rate used for pure water and PAO is higher than 10 GPH, where
as for slurry it is 10 GPH for all the concentrations.

Figure 5-17. Performance factor vs cm

For high mass concentrations, the pressure drop in case of slurry is higher compared to
pure water for same heat transfer coefficient. It can be concluded that particle mass concentration
of 0.1 has the highest PF for both water and PAO based slurries. It is assumed that the
microchannel pressure drop dominates the total pressure drop. These results are assumed true for
the parameters considered and might change with flow rate, channel dimensions, heat flux, fluid
inlet temperature etc.
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CHAPTER 6 : SUMMARY AND CONCLUSIONS
6.1

Summary of Results

The performance of encapsulated phase change material (EPCM) slurry flow in
microchannels was investigated using the effective heat capacity method. The importance of
including the particle migration inside the microchannel while solving the temperature
distribution was investigated. The particle distribution was modeled using the diffusive flux
model and the results were used to solve the temperature profile. In order to investigate the effect
of particle migration, the thermal results obtained with and without including the particle
migration were compared. For parametric study, the three dimensional flow inside the
microchannels was solved including the microchannel wall/fin effects and developing flow in
manifold microchannels. A constant inlet velocity and temperature were assumed along with
constant heat flux condition at the base. Parametric study was done by varying parameters such
as particle concentration, inlet temperature of the fluid, melting range of PCM, base heat flux and
base fluid. Experiments were performed in microchannels of 101 µm width with MEPCM
particle of diameter 5 µm. The results are summarized as follows.
It was found that for very short lengths (~1 mm), the migration of particles is not
significant. The migration was found to depend on the ratio of particle diameter to channel width
and particle concentration. The larger the particle diameter and concentration, more rapid is the
particle migration. It was also found that the particle profile varied slightly when the base fluid is
different.
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Thermal simulations using the results of diffusive flux model showed that, when the
particle migration profile is developing, the maximum wall temperature, Twall,max is around 1.4 K
different compared to Twall,max obtained assuming homogeneous particle distribution. In case of
water, the maximum wall temperature assuming developing profile is lower compared to the
maximum wall temperature obtained assuming homogeneous distribution, where as this behavior
is opposite in case of PAO. The reason can be because of the decrease or increase in overall
thermal conductivity of the fluid at wall. The maximum wall temperature in case of assuming
fully developed profile showed a maximum difference of 5 K compared to that of assuming
homogeneous distribution. However, for obtaining such profile, the length of channel should be
very long or of the order of 10 cm in the case considered which is not likely in case of
microchannels (due to the associated high pressure drops).
Thermal conductivity of slurry plays a very important role in the cooling performance of
slurry in microchannels, especially in manifold microchannels, which provide flow lengths that
are comparable to the developing length of the flow. Results show that the heat transfer
coefficient of water based slurry is lower compared to pure water when the channel width is 100
µm. For the same configuration, when the base fluid is changed to pure PAO, that has the
thermal conductivity equal to that of the PCM, heat transfer coefficient of slurry is higher
compared to pure PAO and the heat transfer coefficient increased with increase mass
concentrations. Thus in order to achieve better performance of slurry in developing flows,
presence of PCM particles should enhance the thermal conductivity of the base fluid.
Experiments were performed in microchannels of width 101 µm with water based slurry
and pure water. Flow rates of water and slurry with mass concentration of 0.1 were varied
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between 5 GPH and 30 GPH. Slurry performance was poor compared to pure water for all the
flow rates used. The reasons for poor performance of slurry can be due to lowering of thermal
conductivity in case of slurry and the large size of particles that might not have melt within the
residence time.
Slurry performance depends on the geometric configuration of the microchannel.
Numerical investigation showed that in microchannels of width 25 µm, water based slurry too
showed high heat transfer coefficient compared to pure water at all mass concentrations. This is
possibly because the flow develops faster in narrow channels.
When same heat transfer coefficient is desired with both slurry and water, results showed
that higher mass concentrations are not favorable because of large pressure drop across the
microchannel. Particle mass concentration of 0.1 showed the highest value of performance factor
for the parameters considered.
Performance of PCM slurries in case of thermally developing flows depends on many
factors. Using a PCM that can enhance the thermal conductivity of slurry, smaller MEPCM
particles that can melt instantaneously, narrow channels that can help the flow develop faster,
along with right inlet temperature can help to achieve maximum benefit of slurry and hence
tuning of slurry parameters is very important.
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6.2

Recommendations

Use of EPCM slurries as heat transfer and heat storage media is being studied in different
applications. In order to analyze the slurry performance in more detail, and extend the concept to
a wider range of parameters, future work may involve the following:
 Use the exact DSC curve to represent the specific heat of PCM in the numerical simulations.
 Use PCMs that have thermal conductivity much higher compared to base fluids (example:
metallic alloys) and observe the effect on thermal performance.
 Perform experiments using nanoPCM slurry in MMC heat sinks to validate the numerical
studies.
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